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. PWS is a neurodevelopmental disorder characterized by hypotonia and failure to thrive in infancy. From approximately 2 years of age, the phenotype shifts to hyperphagia, which leads to obesity (Holland, Treasure, Coskeran, & Dallow, 1995; Tauber, Thuilleaux, & Bieth, 2015) . Other phenotypic hallmarks of PWS include mild to moderate cognitive deficits, behavioural problems including obsessive-compulsive disorder, and sleep disturbances. Among these sleep disturbances, PWS subjects exhibit excessive daytime sleepiness (EDS) (Camfferman, McEvoy, O'Donoghue, & Lushington, 2008; Helbing-Zwanenburg, Kamphuisen, & Mourtazaev, 1993) and rapid eye movement (REM) sleep dysregulation (Bruni, Verrillo, Novelli, & Ferri, 2010; Vela-Bueno et al., 1984; Vgontzas et al., 1996) . Such REM dysregulation implies a disruption in the circadian rhythms, producing an irregular sleep-wake cycle, and may be linked to the abnormal thermoregulation observed in PWS subjects (Clarke, Waters, & Corbett, 1989) . Some studies have also reported narcoleptic-like symptoms such as sleep attacks, cataplexy and a transient loss of muscle tone (Tobias, Tolmie, & Stephenson, 2002; Vgontzas et al., 1996) .
PWS is caused by the lack of expression of paternally imprinted genes in the chromosomal region 15q11-q13 The small nucleolar RNA (snoRNA) clusters in this region have a pivotal role in the aetiology of the disease. Individuals lacking the SNORD116 snoRNA cluster and the IPW (imprinted In Prader-Willi Syndrome) gene suffer the same failure to thrive, hypotonia, and hyperphagia that are observed in subjects with larger deletions and maternal uniparental disomy (de Smith et al., 2009; Sahoo et al., 2008) . Additionally, it has been shown that mice with a paternal deletion of the Snord116 gene (PWScr m+/p-) recapitulate the major human endophenotypes, including sleep alteration coupled with dysregulation of diurnal clock genes (Lassi et al., 2016; Powell & LaSalle, 2015) .
We have previously described sleep alterations in PWScr m+/pmice, mostly related to REM sleep (Lassi et al., 2016) . Here, we explored a specific feature of sleep microstructure concerning the processes that regulate REM sleep in PWScr m+/pmice.
Next, we investigated sleep spindles, hallmarks of NREM sleep that have traditionally been challenging to characterize in mouse studies. Spindle activity is attributed to interactions between thalamic reticular, thalamocortical, and cortical pyramidal networks (Steriade, McCormick, & Sejnowski, 1993) . Dysregulation of spindle properties is a sensitive indicator of thalamocortical and neuromodulator dysfunction in many diseases, including neurodevelopmental disorders (Krol, Wimmer, Halassa, & Feng, 2018) .
Previous studies have reported a complete absence or dysregulation of sleep spindles in PWS subjects (Gilboa & Gross-Tsur, 2013; Hertz, Cataletto, Feinsilver, & Angulo, 1993) .
Since children with PWS have been shown to have abnormal functional connectivity among brain regions (Zhang et al., 2013) , a phenomenon that can derive from cortical and/or subcortical structures, these alterations may be responsible for the sleep alterations observed in PWS. Therefore, we sought to investigate the regulation of sleep by analysing electrophysiological elements dependent on the thalamocortical projections and intrinsic cortical processes. To investigate the properties of intrinsic cortical connectivity, with no interference from external stimuli and from the thalamocortical projections (Hinard et al., 2012) , we studied in vitro cultures of dissociated cortical neurons using microelectrode array (MEA) recordings.
Our results confirm the function of the Snord116 gene in sleep regulation and extend our understanding of sleep in PWS, for the first time, to the microstructure of sleep, a fine regulatory cortical process that controls sleep architecture.
Materials and Methods
In vivo study
Animals
Animal procedures were performed at the Istituto Italiano di Tecnologia (IIT) Genova and were approved by the Animal Research Committee and the Veterinary Office of Italy. All efforts were made to minimize the number of animals used, as well as any pain and discomfort, according to the principles of the 3 Rs (replacement, reduction, and refinement) (Tornqvist et al., 2014) .
Mice carrying a paternal deletion of the Snord116 gene and IPW exons A1/A2 B (Skryabin et al., 2007) (PWScr m+/p-) were used in this study, along with wild-type mice (PWScr m+/p+ ). In order to maintain the colony, patrilineal descendants of the original transgenic mice were bred on a C57BL/6J background. For the genotyping protocol, see the supplementary methods.
All animals used in this study were housed under controlled temperature conditions (22 ± 1 °C as room temperature) on a 12 h:12 h light/dark cycle (lights on 07:00-19:00). Food (standard chow diet) and water were provided ad libitum.
Experimental design
For the study, male mice with paternally inherited Snord116 deletions (PWScr m+/p-) and
wild-type littermate control mice (PWScr m+/p+ ) aged 15 to 18 weeks were used.
To investigate the impact of Snord116 in the sleep architecture, we made continuous recordings by electroencephalography combined with electromyography (EEG/EMG) for spindle properties at specific time points across the sleep-wake cycle. Specifically, EEG/EMG recordings were made for 2 h at two different time points as the baseline condition (B1 and B2; Figure 1D ) to investigate spindle properties related to (i) circadian variation (switch from light to dark periods) and (ii) homeostatic variation (low and high sleep pressure). Thus, we investigated the frequency of sleep spindles and their properties in response to perturbation of sleep by performing 6 h of total sleep deprivation (SD). EEG/EMG recordings were made over the first hour of the rebound period (RB, Figure 1D ) following 6 h of SD (RB1) and at two other time points over the 18 h recovery period (RB2 and RB3, Figure 1D ).
In vivo SD protocol
Total SD was performed by gentle handling techniques, consisting of introducing novel objects into the cage or agitating (knocking or shaking) the cage when behavioural signs of sleep were observed. Animals were subjected to SD during the first 6 h of the light period, when mice usually sleep and are under high sleep pressure.
EEG/EMG electrode implantation.
A total of 28 mice were used for the in vivo sleep study (n=14 PWScr m+/pand n=14
PWScr m+/p+ mice). Each mouse was anaesthetized using 1.5%-2.5% isoflurane in oxygen and surgically implanted with a telemetric transmitter (volume, 1.9 cm 3; total weight, 3.9 g; TL11M2-F20-EET; DSI, St. Paul, MN, USA) connected to electrodes for continuous EEG/EMG recording to assess the sleep-wake cycle. A wireless EEG transmitter/receiver was subcutaneously implanted. EEG wire electrodes were implanted epidurally over the right frontal cortex (coordinates: 2 mm posterior to bregma and 2 mm lateral to the midline, in the right frontal part of the skull) and the right parietal cortex (coordinates: 3 mm anterior to lambda and 2 mm lateral to the midline, in the right parietal part of the skull). EMG was recorded with 2 stainless steel wires inserted bilaterally into the neck muscles ~5 mm apart and sutured in place ( Figure 1A) .
Following surgery, all animals received paracetamol (200 mg/kg by mouth once a day; Tempra) and enrofloxacin (10 mg/kg subcutaneously once a day; Baytril) for two days after surgery. The animals were housed individually in their home cages for a recovery period of 7 days, after which EEG/EGM signals were recorded continuously for each mouse. 
EEG/EMG analysis

REM sleep characterization
Additional analyses were performed to characterize the REM sleep alterations observed in the PWScr m+/pmice. In particular, a more detailed analysis of REM sleep was carried out according to the partition of REM sleep episodes into single and sequential episodes, which has originally been proposed for rats (Zamboni, Amici, Perez, Jones, & Parmeggiani, 2001) . First, the REM sleep intervals (RSIs), given by the sum of the time spent in wakefulness and in NREM sleep between two REM sleep episodes, were calculated. Here, the bimodal distribution of RSI length was determined using a kernel density estimation mathematical model, and single REM sleep episodes and sequential REM sleep episodes were discriminated ( Figure S1 ). A single RSI is defined as one that is both preceded and followed by long RSIs >60 sec each, while sequential REM sleep episodes are those that are separated by short RSIs ≤ 60 sec each ( Figure 1C ).
Second, the REM-NREM cycle, which is defined as the interval between the onset of consecutive REM episodes, was assessed. The following criteria were used: 8 sec was the minimum length of a REM sleep episode; and cycles that were longer than 30 minutes were excluded from the analysis, since it has been already documented in mouse studies that the cycle length is approximately 2-5 minutes (Toth & Bhargava, 2013 ). An unpaired t-test was used to assess differences between short and long RSIs and differences in the number of REM-NREM sleep cycles.
Sleep spindle properties
Individual sleep spindles were detected using a wavelet-based spindle detection method (Bandarabadi, 2018) . Briefly, the algorithm estimates the energy of EEG signal within 9-16 Hz range using the continuous wavelet transform, and then applies a threshold (3 SD + Mean) to detect candidate spindles. A lower threshold (1 SD + Mean) is then applied to find start and end points of the candidate spindles. Detected events that meet these criteria are considered as spindles; (i) duration between 0.4-2 s, (ii) number of cycles between 5-30, (ii) increase in power should be specific to the spindle range. Afterward, several properties of the detected spindles are calculated automatically, such as density, duration, central frequency, peak-to-peak amplitude, and symmetry.
Neurochemical analysis
Neurochemical analysis was performed in PWScr m+/pmice (n = 5) and PWScr m+/p+ mice (n = 5). Mice were anaesthetized with isoflurane at the beginning of the dark period to collect cerebrospinal fluid (CSF). We decided to collect samples at this time point because REM sleep alterations were observed at this stage. CSF was sampled as previously described (Liu & Duff, 2008) . Mice were anaesthetized using 1.5%-2.5% isoflurane in oxygen and placed on a platform, and the arachnoid membrane covering the cisterna magna was punctured. The positive flow pressure allows the collection of CSF using a glass micropipette with a narrow tip. Three to eight microliters of CSF per mouse was collected and stored at −80 °C in polypropylene tubes.
CSF preparation for ultrahigh-performance liquid chromatography-tandem mass spectrometry (UPLC-MS/MS) Eighteen microliters of a solution containing 1 µM each of Glu-d5 and GABA-d6 and 50
nM His-d4 in aqueous 0.1% formic acid was added to 2 µL of each thawed sample of CSF and then vortexed and centrifuged for 10 minutes at 14,000 rpm. The resulting supernatants were moved to glass vials for injection. Calibration standards were prepared by spiking artificial CSF (150 mM Na, 3 mM K, 1.4 mM Ca, 0.8 mM Mg, 1 mM P, 155 mM Cl, 10 mM glucose, 0.5 mg/mL albumin) with stock standard solutions. These calibrators were further diluted 1:10 with the internal standard solution, vortexed and centrifuged before injection.
UPLC-MS/MS
Chromatographic separation was performed with an Acquity UPLC system (Waters, Milford, MA, USA) using an ACE C18-Ar column (2 µm particle size, 2.1x150 mm (purchased from Advanced Chromatography Technologies Ltd, Aberdeen, Scotland, UK). Separation was carried out at a flow rate of 0.5 mL/min. The eluents were as follows: A, aqueous 0.1% formic acid with 5 mM n-perfluoropentanoic acid (NFPA); B, acetonitrile with 0.1% formic acid. The gradient used starts with 1 minute at 1% B, increasing linearly from 1% to 50% B in 2.5 minutes, and then remaining at 50% B for 30 sec before the column was equilibrated with the initial conditions for 2 additional minutes, adding up to a run time of 6 minutes. The column and autosampler temperatures were set to 45 and 10 °C, respectively. The injection volume was set to 4 µL. Analysis was performed on a XEVO TQ-S triple quadrupole mass spectrometer (Waters) equipped with an electrospray source operated in positive mode. Nitrogen was used as the desolvation (800 L/h, 450 °C) and collision gas. Data were acquired in the multiple reaction monitoring (MRM) mode, with the settings of the precursors, fragments, cone voltages and collision energies for each compound as indicated in Supplementary Table   1 . Waters MassLynx 4.1 and TargetLynx 4.1 software were used for data acquisition and processing, respectively. A paired t-test was used to compare the levels of each neurotransmitter between the two genotypes.
In vitro study
Cell culture
Cortical cultures prepared from embryonic mice at gestational day 18 were plated on 60- , 2007) and in wild-type mice (PWScr m+/p+ ).
Experimental protocol
We recorded the spontaneous activity in 9 cultures from PWScr m+/pmice and 6 from PWScr m+/p+ mice for 2 h in culture solution as the baseline (BL) condition. Then, cells were recorded continuously for 2 hr following the administration of Carbachol (CCh, Sigma-Aldrich, 20 µM).
MEA recordings
Planar microelectrodes were arranged in an 8×8 layout, excluding corners and one reference electrode, for a total of 59 round planar TiN/SiN recording electrodes (30 µm diameter; 200 µm centre-to-centre inter-electrode distance). The activity of all cultures was recorded by means of the MEA60 System (MCS). The signal from each channel was sampled at 10 kHz and amplified using an MCS amplifier with a frequency band of 1 Hz-3 kHz. Each recorded channel was acquired through the data acquisition card and monitored online through MC_Rack software (MCS). In order to reduce thermal stress on the cells during the experiment, the MEAs were kept at 37 °C by means of a controlled thermostat (MCS) and covered with polydimethylsiloxane (PDMS) caps to prevent evaporation and changes in osmolality.
Data analysis and statistics
Starting from the raw data (i.e., the wide-band signal), we used a dual process to analyse both MUA (multiunit activity, f>300 Hz) and LFPs (local field potentials, f<300
Hz). To capture only MUA activity, we high-pass-filtered the raw signal. When spikes (i.e., single over-threshold peaks) and bursts (i.e., groups of tightly packed spikes) were detected in the MUA recordings, we computed the following parameters for each channel: mean firing rate (MFR, spikes/sec), mean bursting rate (bursts/min), inverse burst ratio (IBR, percentage of spikes outside the burst), burstiness index (BI, an index of the burstiness level of the network), burst duration (BD, msec), mean frequency intraburst (MFB, spikes/sec), interburst interval (IBI, msec) and spike time tiling coefficient (STTC). Finally, we computed the cross-correlation between each pair of burst trains recorded from active channels (i.e., with MFR>0.05 spikes/sec). For each channel, we considered only the first spike for each burst (i.e., the burst event), and we computed the cross-correlation function that represents the probability of observing a burst in one channel i at time t+τ (τ=3 msec) given that there is a burst in a second channel i+1 at time t. To quantify the strength of the correlation between each pair of electrodes, we evaluated the correlation peak (C peak ). We selected only the first 100 C peak values to identify only the most significant correlations. Finally, we analysed the latency from the peak (L peak ) and considered the corresponding peak latency values of the preselected 100 strongest C peak values (El Merhie et al., 2018) .
To select the LFP components, we low-pass-filtered the raw data between 1 and 300 Hz.
We then computed the power spectral density of the decimated signal (sampling frequency 1 kHz) (μV²/Hz) using the Welch method (windows=5 sec, overlap=50%). We considered only the lower-frequency bands of the signal; these bands, particularly the delta (0.5-4 Hz), theta (4-11 Hz), and beta (11-30 Hz) bands (I. Colombi et al., 2016) , are of particular interest in the study of the sleep-wake cycle. To characterize the LFP, we calculated the power in each of those frequency bands.
Measurement of in vitro and in vivo gene expression by real-time quantitative PCR
Total RNA was extracted from mouse cortices and from cortical cultures to assess the changes in distinct classes of genes that have already been shown to be differentially expressed during sleep and wakefulness (Cirelli, Faraguna, & Tononi, 2006; Cirelli & Tononi, 2000a , 2000b Hinard et al., 2012) . These genes are immediate early genes and clock genes (Cfos; Arc; Homer1a, Dpb, Bmal1 and Per2). The Bdnf gene, which is involved in neuroplasticity and responds rapidly to SD (Schmitt, Holsboer-Trachsler, & Eckert, 2016), was also investigated. RNA was extracted from the cortex of 10 male PWScr m+/pmice (n= 5) and PWScr m+/p+ mice (n= 5). Mice were sacrificed by cervical dislocation at two different time points: (i) 6 h after the onset of the light period as a baseline value (ZT6), before which the mice were kept undisturbed in their home cages Complementary DNA was reverse transcribed from up to 2 mg of total RNA using a highcapacity RNA-to-cDNA kit (Invitrogen) and then analysed with SYBR GREEN qPCR mix.
Reactions were performed in three technical replicates using an AB 7900HT fast realtime PCR system (Applied Biosystems). The relative quantification of expression levels was performed using a previously described Δ Δ
CT calculation method (Pace et al., 2017) . Gapdh was used as a reference gene. The specific primer pairs used for the analysis were designed using Primer3 (Supplementary Table 2 ). An unpaired t-test was used to compare differences between the genes investigated in the two genotypes.
Statistical analysis
The normality of the distribution of values was tested with the Kolmogorov-Smirnov test.
Data are presented as the mean ± standard error of the mean (SEM). As detailed above for the in vivo experiment, most data were analysed using two-way ANOVA and 
Results
Paternal Snord116 deletion impacts the microstructure of sleep in mice
To assess whether Snord116 might contribute to sleep disturbances associated with PWS, we recorded the sleep-wake cycle over the 24 h circadian period (12 h:12 h light/dark cycle) of PWScr m+/pand PWScr m+/p+ mice ( Figure 1A ). Both genotypes exhibited the typical circadian change in the sleep-wake distribution, with reduced sleep (NREM and REM sleep) during the dark hours compared to the light hours ( Figure S2A ).
Total sleep and wake duration showed no obvious differences between the two cohorts of mice ( Figure S2A ). In contrast, the total amount of REM sleep was increased in mice lacking a paternal Snord116 gene during the dark period (PWScr m+/p+ 2.425 ± 0.5083 vs PWScr m+/p+ 3.865 ± 0.4334, t(18)= 2.15, p=0.04; Figure 1B ). Next, we assessed the EEG power spectra, and Delta (4 -4.5 Hz) power density during NREM sleep was found to be significantly reduced in the PWScr m+/pmice compared to the control mice (two-way ANOVA: F (39, 351) = 44.13 p<0.0001; "Frequency Hz", Figure S2B ).
Since the EEG analysis highlighted an alteration of REM sleep, which reflects a change in the distribution of REM periods with no effects on total sleep or wakefulness, we further explored the duration of REM sleep episodes in detail. Our results show, for the first time, the presence of a bimodal distribution of RSI in mice. RSI was bimodally distributed in both genotypes of mice over the 24 h circadian period, with the two clusters separated at 55 sec, which accounts for the minimum frequency ( Figure 1C ). Based on these parameters, the two subpopulations of RSI detected were used to distinguish single REM sleep episodes (long RSI >60 sec) and sequential REM sleep episodes (short RSI ≤ 60 sec). Although a bimodal distribution was observed in both genotypes of mice, the frequency of short RSIs was significantly higher in the PWScr m+/pmice than in the PWScr m+/p+ mice (PWScr m+/p+ 3.40 ± 0.99 vs PWScr m+/p+ 7.6 ± 1.6, t(18)= 2.21, p=0.03; Figure 1C ), suggesting a high REM sleep propensity in the mutant mice.
Conversely, the numbers of long RSIs were unchanged between the two genotypes ( Figure 1C ). In addition, the REM-NREM cycle was analysed as an identifier of sleep propensity (Trachsel, Tobler, Achermann, & Borbely, 1991) . Our data showed that the cycle length was approximately 2-5 minutes in both genotypes of mice, as already described (Toth & Bhargava, 2013) . However, in the PWScr m+/pmice, a large increase in REM-NREM cycles was observed over the 24 h of the sleep-wake cycle (PWScr m+/p+ 9.00 ± 2.06 vs PWScr m+/p+ 15.15 ± 1.51, t(18)= 2.40, p=0.02; Figure 1C ).
Paternal deletion of Snord116 alters sleep spindles in PWS mice
Sleep spindle properties were explored in relation to the circadian and homeostatic components of sleep ( Figure 1D ). Sleep spindles are the best-characterized source of EEG power in the 9-16 Hz range during NREM sleep (see Figure 1E ). We calculated these spindle properties for each genotype at different time points and found that the density of spindles was unchanged between the two genotypes in all conditions investigated ( Figure 1E ). However, we observed that spindle duration (t(1988)= 3.04, p=0.002; Figure 1E ), central frequency (t(1988)= 2.70, p=0.006; Figure 1E ), and the number of spindle cycles (t(1988)= 3.47, p=0.005; Figure 1E ) were significantly increased in the PWScr m+/pmutants compared to the control mice. Conversely, spindle amplitude was significantly lower in the PWScr m+/pmutants compared to the PWScr m+/pmice (t(1988)= 18.59, p<0.0001; Figure 1E ).
PWS mutants show increased spontaneous physical activity over the circadian cycle
Physical activity was assessed in awake mice without any motor constraints. During the 24 hours of the circadian period, both genotypes showed an increase in physical activity during the night and a decrease in motility during the day. Interestingly, mutant mice displayed an increase in spontaneous physical activity during the subjective night (light phase, resting phase for mice) compared to control mice (PWScr m+/p+ 2.48 ± 0.44 vs PWScr m+/p+ 3.96 ± 0.33, t(18)= 2.6, p=0.01; Figure 2A ). Moreover, physical activity was also increased in the mutant mice during the first hours of the dark period compared to the motor activity of control mice (two-way ANOVA: F(11,99) = 9.318, p<0.0001, "time of day", and F(1,9) = 5.23, p=0.04, "groups"; Figure 2A ).
Paternal Snord116 deletion leads to dysregulation of norepinephrine
Neuromodulators are fundamental players in the regulation of sleep-wake cycles. Here, we report an assessment of the levels of glycine, glutamate, norepinephrine, histamine and GABA in the CSF of both genotypes. Notably, among all the investigated neuropeptides, it was found that the levels of norepinephrine, a neurotransmitter that is involved in arousal and is also important for the regulation of REM sleep (Mallick et al., 2002; Mitchell & Weinshenker, 2010) , was significantly increased in the PWScr m+/pmice relative to the control (PWScr m+/p+ 0.53 ± 0.07 vs PWScr m+/p+ 0.08 ± 0.01, t(8)= 6.22, p=0.0003; Figure 2B ).
REM-like in vitro phenotypes emerge from paternal Snord116 deletion neurons
To assess whether Snord116 impacts the communication of cortical networks of neurons isolated from the thalamocortical connections, we studied electrophysiological and transcriptional changes in dissociated embryonic cortical neurons obtained from PWScr m+/pand PWScr m+/p+ mice. We administered CCh to the cultures to suppress the delta wave activity and emphasize activity in the theta frequency range. We recorded two hours of baseline neuronal activity (i.e., basal phase) in the culture medium, followed by two hours of CCh administration for both genotypes (PWScr m+/pand PWScr m+/p+ cultures). We compared the electrophysiological activity on two different time scales:
LFP and MUA. Figure S3 ).
We then stimulated cortical cultures with CCh as previously described (I. Colombi et al., 2016) ( Figure 3B ) and we normalized power with respect to the basal condition.
Following CCh administration, the power of the delta waves decreased by 80% in both sets of cultures ( Figure 3C ). We found a significant difference between the two sets of cultures (i.e., PWScr m+/pand PWScr m+/p+ ) only in the theta waves after 1 h of CCh application (time point=30′: q= 3.222; p=0.029; time point=60′: q=3.828; p=0.011; time point=90′: q= 3.94; p=0.009; time point=120′: q= 3.693; p=0.013) ( Figure 3C1 ).
Specifically, the theta power of the control cultures decreased by 60%. In contrast, the theta power of the PWS cultures decreased by 30%. These results are consistent with the results of the in vivo experiment that revealed abnormalities in REM sleep characterized by theta waves. Beta waves did not show significant differences between the two genotypes. Detailed statistical information about the multiple comparisons is available in Table S3 .
Paternal Snord116 deletion alters the synchronization of activity and delays response to CCh treatment Subsequently, we analysed the high frequency range of the signal to evaluate possible network activity defects correlated with the syndrome. First, we compared the first two hours of the spontaneous activity highlighted in Figure 4A . Figure 4C1 ) and STTC (Mann-Whitney test; Z=2.29, p=0.01; Figure 4C2 ). The analysis of the cross-correlation of burst events ( Figure 4C3 -C4) revealed a statistically significant difference in the latency of the top 100 connections between the two groups under basal conditions (Mann-Whitney test; Z= -1.94; p=0.049) (Figure 4 C4). We did not find any significant difference in the C peak values ( Figure 4C3 ).
To enable the behaviour of the cultures to be compared during CCh stimulation, we normalized the results of each experiment to the mean values obtained during basal recording. In the PWScr m+/p+ cultures ( Figure 4F , blue line), the activity level evaluated by means of the MFR increased after CCh administration compared to the basal condition, but we did not find any significant difference. At the same time, CCh application resulted in an increased number of isolated spikes (i.e., an increased IBR value, Figure 4 F1 CCh 120′: q= 6.504, p<0.001), a decrease in the peak of cross-correlation on burst events (C peak , Figure 4F5) Table S4 .
Paternal Snord116 deletion alters the expression of immediate early genes (IEGs)
in vivo and in vitro
We explored the impact of Snord116 on the expression of selected IEGs in the cortex, as they represent an important target of both neuronal responses and sleep homeostasis. In the in vivo experiment, IEG expression was investigated in the FC and PC of adult mice (15-18 weeks old) sacrificed at ZT6 and 1 h after 6 h of SD. We observed that at ZT6, which constitutes the baseline condition, Bdnf expression was significantly reduced in the PWScr m+/pmice compared to the control (PWScr m+/p+ 1 ± 0.12 vs PWScr m+/p+ 0.46 ± 0.07, t(8)= 3.73, p=0.005; Figure S4A ) in the PC. This increase in the Bdnf level was also observed in the PC of mutant mice (PWScr m+/p+ 1 ± 0.12 vs PWScr m+/p+ 0.62 ± 0.06, t(8)= 2.68, p=0.02; Figure S4A ). Moreover, in the PC, a significant reduction in Cfos (PWScr m+/p+ 1 ± 0.37 vs PWScr m+/p+ 0.09 ± 0.03, t(8)= 2.38, p=0.04; Figure S4A ) and Arc (PWScr m+/p+ 1 ± 0.19 vs PWScr m+/p+ 0.37 ± 0.13, t(8)= 2.64, p=0.02; Figure S4A ) genes was also observed. We noticed that, 1 h after 6 h of SD, the expression levels of all investigated IEGs were significantly reduced in the mutant mice compared to control mice ( Figure 5 ; see Table S2 for statistical analysis). Conversely, the expression levels of all investigated IEGs were, as expected, significantly increased compared to the baseline value (ZT6, non-SD mice) in the PWScr m+/p+ mice (Hinard et al., 2012) ( Figure   5 ; see Table S3 for statistical analysis). The same scenario was observed for the expression of IEGs in the PC of the mutant mice ( Figure S4A ; see Table S3 for statistical analysis).
Subsequently, the alteration in cortical IEG expression observed in living PWScr m+/pmice 1 h after SD was investigated to determine whether it is also reflected in the embryonic cortical neurons. For the in vitro analyses, cortical cultures were stimulated with 20 µM of CCh, and RNA was extracted 1 h later, which resembled the in vivo SD condition. Conversely, the ZT6 treatment in the in vivo experiment mirrors the cell culture stimulated with water (baseline). In primary cell cultures at baseline, the only IEG whose expression was significantly different between the two genotypes was Per2. In this condition, Per2 was found to be significantly higher in the PWScr m+/pcultures than in the control cultures (PWScr m+/p+ 1 ± 0.31 vs PWScr m+/p+ 19± 2.6, t(8)= 7.01, p=0.0001; Figure   S4B ). It was also observed that, 1 h after CCh treatment, cells displayed the same alterations in IEG expression that were observed in the in vivo experiment. Specifically, it was observed that all IEG expression levels were significantly lower in the PWScr m+/pmice than in the control mice ( Figure 5 ; see Table S4 for statistical analysis). In contrast, PWScr m+/p+ mice showed significantly increased IEG expression after CCh treatments, as observed in the in vitro experiments ( Figure 5 ; see Table S4 for statistical analysis).
Interestingly, only Bdnf, which is not an IEG but is involved in the plasticity mechanisms, did not undergo a change in expression in cultured cortical neurons 1 h after CCh ( Figure 5 ; see Table S4 for statistical analysis), while in living mice, the expression of this gene was significantly altered before and after SD.
Overall, these in vivo and in vitro results show that IEG expression in the cortex is significantly affected by the loss of the Snord116 gene. Additionally, it was observed herein that the wake-like (CCh treatment vs SD mice) and sleep-like states (water treatment vs ZT6 mice) in vitro underwent changes in gene expression that resembled those in the cerebral cortex of living animals.
Discussion
The results of this study confirm that the Snord116 gene significantly affects REM sleep occurrence and its regulation. Sleep spindle properties were found to be altered in the PWScr m+/pmice, while their numbers were unchanged between the two genotypes, suggesting dysfunctions in the cortex where sleep spindles are amplified and not in the thalamus where they are generated. Moreover, we also described a previously sec, while in rats, the minimum between the two peaks has been identified at 3 min (Amici et al., 1998) . A bimodal distribution of RSI was observed in both genotypes of mice. However, mutant mice showed a significant increase in short RSI. Short RSI has compared to the control group, suggesting, once again, that the mutant mice have a strong tendency to fall asleep easily. Overall, these data imply that the loss of Snord116 Norepinephrine not only influences general arousal but also affects locomotor activity.
Indeed, it has been observed that intraventricular infusion of norepinephrine increases motor activity (Geyer, Segal, & Mandell, 1972) . Interestingly, we observed that norepinephrine was significantly higher in the mutant mice than in the controls, suggesting that norepinephrine may also have a role in controlling motor activity in these mice. Overall, these data imply that mutant mice may also have a dysregulated norepinephrine system. The extent to which norepinephrine alterations may affect the sleep-wake cycle and locomotor activity should be further investigated and may have therapeutic relevance.
Our data imply a dysfunction of cortical amplification, manifested by the altered sleep spindles properties not affecting their numbers observed in the mutant mice. Based on these results, we investigated whether cortical neurons isolated from thalamocortical projections showed an altered intrinsic mechanism of sleep comparable to the sleep endophenotypes observed in living mice. To address this question, we used an in vitro which are involved in development outside the suprachiasmatic nucleus and contribute to brain plasticity (Kobayashi, Ye, & Hensch, 2015) . Indeed, we also found that the PWScr m+/pmice had low levels of Bdnf mRNA, which is extremely important in the regulation of synapses and the plasticity process. This latter evidence may pave the way for new interventional approaches for PWS by using TrkB agonists or by using compounds that increase the BDNF level (Habtemariam, 2018) .
Overall, our results suggest that Snord116 is important in controlling REM sleep.
Additionally, here we provide the first evidence supporting the role of Snord116 in regulating cortical neuronal activity, opening avenues for new interventions in PWS. The dysregulation of sleep spindles in our mutant mice raises the possibility that this phenomenon can be a clinically useful marker to assess PWS symptoms in humans.
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